(Received 10 March 1997) Triangular arrays of submicrometer magnetic dots, with typical spacing of 400-600 nm and diameters close to 200 nm, have been fabricated by electron beam lithography to study pinning effects on Nb thin films. The resistivity versus magnetic field curves exhibit regular structure. Minima appear at constant field intervals, given by the lattice parameter of the dot array. The angular, current, and temperature dependencies of the resistivity imply synchronized pinning by the magnetic array which is relevant at high vortex velocities, when the order in the vortex lattice increases.
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Flux pinning has been the subject of much interest both in high and low temperature superconductors because of their relevance for applications as well as from the fundamental point of view [1, 2] . A rich variety of phenomena in vortex dynamics can be found depending on the type, strength, and correlation of the defects present in the superconducting material. A very useful tool to understand the interaction between vortices and material imperfections, and in this way enhance the critical current, consists in the introduction of controlled artificial pinning centers in the superconductor. Many types of random imperfections such as secondary-phase precipitates [3] , cold work induced dislocations and strain [4] , several kinds of radiation induced defects like heavy-ion columnar tracks [5] , etc. can be used to address this problem.
A different approach is the fabrication of ordered defect arrays of well defined size and geometry, as, for example, spatially modulated superconducting alloys [6] , thickness modulation [7] , holes in superconducting networks [8] , arrays of holes [9] , or magnetic particles [10] . In this way, a whole range of new phenomena may appear associated with the matching of the vortex lattice and the artificial structure. However, only recently submicrometer lithographic techniques have been developed that allow reducing the size of pinning centers to a scale comparable to coherence lengths of conventional superconductors. Some possibilities that have been explored include regular lattices of holes on low T C superconducting films [11] or spatially modulated e-beam irradiation damage in YBa 2 Cu 3 O 7 [12] . In all these cases normal regions are created throughout the material.
In this Letter, for the first time the pinning interaction between the vortex lattice and ordered arrays of submicrometer magnetic dots has been studied. Therefore, the superconducting thin film is continuous and pinning arises from the interaction with a periodic array of pinning centers not from the multiply connected geometry of the system. In this case, in a narrow temperature range, an evenly spaced regular array of minima appears in the resistivity versus perpendicular magnetic field. The periodicity of the minima is given by the field corresponding to the spacing of the array of magnetic dots. This indicates a collective locking of the flux lattice to the magnetic dot array. The detailed vortex arrangement has not been uniquely identified. Comparison with available theoretical models indicates a synchronized pinning by the magnetic dot array at high vortex velocities.
Magnetic dots approximately 200 nm in diameter and 40 nm in thickness were prepared on oxidized Si(100) substrates using the electron beam lithography. The desired pattern was defined on a PMMA resist layer; then the magnetic (Fe or Ni) layer was sputtered on top. This was followed by a lift-off process to obtain the triangular array (50 mm 3 50 mm) of magnetic dots. The lattice constant (d) of the triangular array was varied in the range 400-600 nm. Figure 1 shows a scanning electron microscopy (SEM) image of a triangular Fe array with d 600 nm. After this, a 100 nm thick Nb film was sputtered on top. Optical lithography and reactive ion etching were used to define a 40 mm wide bridge with a distance between the voltage contacts of 50 mm for transport measurements [see Fig. 1(b) ]. Note that in this geometry the Nb film is continuous so the pinning dots are not embedded within the Nb, but are outside.
The dc measurements were performed in a helium cryostat with an 80 kG superconducting magnet and a rotatable sample holder with a precision of 1 ± . The magnetic field is always applied perpendicular to the transport current, while the angle u between the field and the film normal was varied to study the angular dependence. The lithographed Nb film on top of the magnetic array of dots exhibits metallic behavior from room temperature to the onset of superconductivity at T 8.3 K. with F 0 the quantum of flux. Thus, the interval DB 0 corresponds to a 0 413 6 6 nm, in good agreement with the spacing of the array d 410 6 10 nm. This implies that a minimum appears when there is an integer number of vortices per unit cell of the array of magnetic dots. We find that this structure in the dissipation is independent of the magnetic history of the dot array, i.e., thermally demagnetized or exposed to a magnetic field up to 10 kG, parallel or perpendicular to the sample plane. This lack of hysteresis in the interaction of the magnetic array and the superconducting film indicates that the stray field from the Ni dots does not play a crucial role. Therefore, the pinning interaction between the vortices and the magnetic dots is principally determined by the flux concentration in or around the magnetic material and/or the spatial modulation of the order parameter due to the ferromagnetic proximity effect, in a similar way to the effect of ferromagnetic pinning centers in bulk superconductors [14] . No indication of periodic pinning has been found in arrays of nonmagnetic dots measured at similar temperatures, current, and field ranges, suggesting that pinning due to the ordinary proximity effect is too weak to be observed. This confirms that the pinning produced by the array of Ni dots is mainly of magnetic origin. Figure 3 shows the field dependence of the resistivity of the same Nb film as in Fig. 2 , for different angles u between the sample normal and the field direction. Sharp minima are observed in the whole angular range but the field intervals increase as the magnetic field is tilted away from the perpendicular direction. The critical field H c2 shows an angular dependence that is in good agreement with Tinkham's model for a superconducting thin film [13] . The angular dependence of the distance between minima is well described by DB 0 ͑u͒ DB 0 ͑0͒͞ cos͑u͒ with DB 0 ͑0͒ 138 6 3 G (Fig. 3 inset) . Note that the two independent measurements of DB 0 agree within the experimental error. This implies that the relevant quantity is the perpendicular magnetic field component (B Ќ ), so that only the number of vortices per unit cell of the periodic array is important.
The reduction in dissipation, at well defined values of the magnetic field, is present only for a limited range of currents and temperatures. Figure 4(a) shows r͑B͒ taken at different current densities in the range J 10 3 10 5 A͞cm 2 . At the highest current (curve A) the resistivity is similar to that of the normal state and weakly field dependent. As the current density is reduced a periodic structure appears: first, two small features (n 1) around zero field (curve B), then (curves C and D); the minima become deeper and the matching effect can be observed for higher orders, up to n 4, for J values around 2.5 3 10 4 A͞cm 2 . However, when the current density is further decreased (curve E) the periodic structure in the dissipation begins to be smeared out. Finally, for the lowest currents (curve F), the typical uniform superconducting film behavior is found, with a sharp onset of the resistivity for a magnetic field close to a matching value, but without any well defined features at the other matching positions. This reduction in the dissipation can also be observed in the I-V characteristics [see Fig. 4(b) inset]. The I-V curve measured at each matching field B n (filled symbols) crosses with the one obtained at lower field (hollow symbols) for high enough currents. These crossovers indicate a change in the dominant pinning mechanism as a function of the current.
We have observed that the current range where pinning by the magnetic array is more effective is also temperature dependent, and it is displaced to higher values as the temperature is reduced. This is shown [ Fig. 4(b) ] on a logarithmic plot of the resistivity, measured with J 2.5 3 10
4 A͞cm 2 , in the presence of a constant magnetic field, for two different fields. The open and filled symbols correspond to B 70 and 140 G, respectively, that is, B 1 ͞2 and B 1 , where B 1 is the first matching field. At low temperatures, the ordinary monotonic behavior is found and the resistivity increases with the magnetic field; however, at temperatures very close to the transition a distinct crossover is observed and r͑B 1 ͒ becomes smaller than r͑B 1 ͞2͒, corresponding to the minima in the dissipation shown in Fig. 4(a) . In a similar way, Gurevich et al. [15] have recently reported resistivity oscillations as a function of a parallel magnetic field in a limited current range in Nb-Ti͞Cu multilayers. However, on these multilayers the oscillation period is dependent on the total sample thickness, is current dependent, and disappears at high temperatures.
The experimental data clearly show an enhanced pinning by the magnetic dots and a definite relationship between the vortex lattice and the magnetic dot array. There are, however, two major issues which need further research and must be addressed: (a) the pinning mechanism and (b) the details of the vortex lattice arrangement.
The magnetic moment of an individual dot lies parallel to the substrate [16] due to their aspect ratio c͞t ഠ 5 (where c 200 nm is the diameter and t 40 nm is the thickness). Therefore, as the perpendicular field component is the relevant one, the pinning mechanism must be related to the higher magnetic permeability in the region of the dot. The perturbation created in a superconductor in the neighborhood of an embedded magnetic particle of radius comparable to the coherence length and magnetic moment m has recently been calculated [17] . Depending on the value of m, it may be energetically favorable for the superconductor to create a vortex state with multiple quanta of flux around the magnetic particle. However, the r͞j ratio and the current dependence seem to rule out trapping of multiple vortices in each dot. Near T c , j becomes similar to the dot radius r 100 nm [18] ; j 60 nm at T 8.2 K. Therefore, the maximum number of vortices pinned inside each dot is estimated as r͞2j ഠ 1, using as a first approximation the formula for a hole of similar size [19, 20] .
The periodic resistivity dips of the Nb film with the lattice of magnetic dots (Figs. 2 and 3 ) are due to commensurability effects between the ordered magnetic dot array and the vortex lattice. Dips in the resistivity imply an enhanced pinning for particular values of the magnetic field. In the case of a triangular array of pinning centers, commensurability occurs with a regular triangular vortex lattice if a 0 d, a 0 d͞ p 3, a 0 d͞2, . . . with matching fields at B n nDB 0 , with n 1, 3, 4, . . . . Thus, no commensurability is expected for n 2 for a regular triangular lattice, in contrast with experimental observations. Recent numerical simulations [21] have shown that a triangular lattice of defects enhances the pinning force at n 1, 3, 4 for weak pinning centers. However, strong pinning sites may induce some pinning enhancement at n 2 [21] . An increased pinning may also occur at this second matching field if long range interactions are present in the vortex lattice, thus forming a lattice with one vortex per dot and one every other interstitial position in the center of the triangles, as observed by Lorentz microscopy [22] .
The presence of enhanced resonant pinning, only at intermediate currents, indicates that at low vortex velocities, random defect pinning occurs, while at higher velocities, dynamical effects may become important. The moving lattice averages over the random pinning potential and vortexvortex interactions, producing the order in the lattice, may become dominant [23] . In fact, neutron diffraction experiments [24] have shown an increased order of the moving vortex lattice at high velocities. On the other hand, the interaction between the periodic array of dots and the vortex lattice could become more important at high velocities because periodic pinning cannot be averaged out, like random pinning. This enhancement of the interaction with the magnetic array, as the vortex lattice becomes more ordered, would give rise to the observed matching effect at intermediate currents.
In summary, we have studied the pinning effect of a triangular array of submicron magnetic dots fabricated by e-beam lithography on a superconducting Nb film. Sharp, regularly spaced minima found in the r͑B Ќ ͒ curves are related to the pinning caused by the regular array of magnetic dots. This pinning is relevant in the temperature range where the coherence length j is similar to the dot radius. The current dependence indicates that this behavior is produced by the synchronized pinning of the magnetic dot array at high vortex velocities when the order in the vortex lattice is enhanced.
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